ABSTRACT New photoelectric measurements of the absolute intensities of the components of the Balmera line of He n in the Sun with a spectral resolution of 0.029 Â are reported. Highly constrained curve fits are used to test the consistency of the measurements with the line widths that are predicted by a recombination model, a collisional excitation model, and a combination of the two. Neither model alone is fully consistent with the measurements. For the "quiet Sun," about 28% of the total intensity of the Balmer-a fine of He n is attributed to the recombination mechanism. ColUsional excitation appears to dominate for the « = 3 level. The recombination mechanism is apparently more important in the active Sun because measurements of a very quiet Sun do not show the narrow He n peaks that were observed in measurements of a more active Sun. Subject headings: Sun: chromosphere -Sun: corona-Sun: spectra I. INTRODUCTION There have been numerous discussions in the literature, recently, concerning the mechanisms responsible for the formation of the solar He n fines. The proposed mechanisms fall into three main categories: (1) ionization and excitation by electron collisions (e.g., Athay 1965) ; (2) enhanced collisional excitation due to mixing or diffusion (Shine, Gerola, and Linsky 1975); (3) excitation of the « = 2 and « = 3 levels following radiative recombination of He n (Zirin 1975 ; Hirayama and Nakagomi 1974). In the recombination model, the He ions are formed through photoionization by inwardly directed coronal photons. In general, the collisional model predicts T = 80,000 K and a turbulent velocity of 25 km s -1 which results in halfwidths of 0.165 Â. The recombination model forms He ii much deeper in the atmosphere (about 8000 K) where the optical thicknesses of the He i and He n continua begin to approach unity (Milkey 1975) . The observed intensity of the Lyman-cc line of He ii (La) is not predicted by the emission measure (J n e 2 dh) that is calculated from the measured intensities of other transition region fines . Therefore, Jordan proposed mixing low-and high-temperature material to enhance the collisional excitation rate.
I. INTRODUCTION
There have been numerous discussions in the literature, recently, concerning the mechanisms responsible for the formation of the solar He n fines. The proposed mechanisms fall into three main categories: (1) ionization and excitation by electron collisions (e.g., Athay 1965) ; (2) enhanced collisional excitation due to mixing or diffusion (Shine, Gerola, and Linsky 1975) ; (3) excitation of the « = 2 and « = 3 levels following radiative recombination of He n (Zirin 1975 ; Hirayama and Nakagomi 1974) . In the recombination model, the He ions are formed through photoionization by inwardly directed coronal photons. In general, the collisional model predicts T = 80,000 K and a turbulent velocity of 25 km s -1 which results in halfwidths of 0.165 Â. The recombination model forms He ii much deeper in the atmosphere (about 8000 K) where the optical thicknesses of the He i and He n continua begin to approach unity (Milkey 1975) . The observed intensity of the Lyman-cc line of He ii (La) is not predicted by the emission measure (J n e 2 dh) that is calculated from the measured intensities of other transition region fines . Therefore, Jordan proposed mixing low-and high-temperature material to enhance the collisional excitation rate.
In this paper, recent measurements of the solar Balmer-a line of He n (Ba) are discussed. Highly constrained curve fits were used to compare the measurements with the basic predictions of the fine formation theories (Kohl and Parkinson 1975) .
II. THE MEASUREMENTS Measurements of the absolute spectral intensity of the Sun at wavelengths near 1640 Â were made on 1972 July 27 (flight A) and on 1974 September 18 (flight B). The basic instrumentation was described by Parkinson and Reeves (1969) and by Kohl and Parkinson (1974) .
The measurements are of the average spectral intensity of rectangular regions (18!5 by a few arc seconds) centered on the solar disk. The detectors for both flights were EMR 641-G solar blind photomultiplier tubes with lithium fluoride side windows. Because all observations near 1640Â were made above an altitude of 200 km, atmospheric absorption was negligibly small.
Both sets of measurements were made with a spectral resolution of 0.029 Â which was defined by the full width at half-maximum (FWHM) of the instrumental profiles. Measurements of the instrumental line profiles were made before and following vibration tests at 1.5 times flight levels. The full spectral resolution was retained. A conventionally ruled diffraction grating was used for flight A, and the intensity of all ruling ghosts were less than 17 0 of the intensity of the primary image. For flight B, a holographically ruled grating was used and, as expected, the instrumental profile did not display any measurable peaks in the wings. Scattered fight at wavelengths longward of 1650 Â was measured during the flights with quartz filters that were inserted in front of the entrance slit while wavelengths near 1640 Â were scanned.
The radiometric calibration for flight A was described fully by Kohl and Parkinson (1974) . The calibration of flight B was similar. The measured solar intensities agree well with earlier work by Parkinson and Reeves (1969) which was based on a thermopile as the standard detector. The most probable error in the absolute intensities at 1640 Â due to uncertainties in the laboratory calibrations is ±11%. There are additional fluctuations in the data due to counting statistics.
For flight B, absorption due to residual gas in the instrument was negligibly small. A correction for H 2 0 absorption introduced an uncertainty of about ± 257 0 into the intensities of flight A.
Spectroheliograms courtesy of Sacramento Peak Observatory are shown in Figure 1 A, weak plage regions were scattered along the length of the observed area. Pointing uncertainties preclude the possibility of determining the fractional amount of the slit projection that was covered by plage regions. About 7% of the slit length was covered by the filament that was present in the southern hemisphere. In contrast, the Sun was extremely quiet during flight B.
The measurements and the wavelengths and the term designations of the seven components of the 4 He n line at 1640.4 Â are indicated in Figure 2 . The crosses represent the unsmoothed measurements. Standard deviations of 1 ex for statistical fluctuations of individual raw data points are shown by the error bars. The data points of Figure 2b are the average of two scans. There was only one wavelength scan during flight A. The solid lines are the results of smoothing the data with a Gaussian shaped profile with a FWHM of about 0.029 Â. The wavelength scan rate during flight B was determined from the rate of change of a shaft angle encoder reading and a laboratory wavelength calibration. The absolute wavelength scale was set by the center of the solar Fe n line at 1640.151 Â (Edlén 1963; Wilkinson 1959) . The wavelength of the solar S i line at 1641.296 Â determined from this scale agreed with the known wavelength (Kelly and Palumbo 1973) to within 0.02 À.
The wavelength scale of flight A was determined from the aforementioned spectral lines and other nearby Fe n lines. However, this scale was less reliable because of nonlinearities in the grating scan rate.
The narrow peaks that are present in the spectrum of flight A were not observed in the spectrum of flight B. However, the widths of the 1641.296 Â S i line and the 1640.151 Â Fe n line demonstrate, clearly, that the instrumental resolution during flight B was sufficient to resolve narrow peaks if they were present. The 1640.4 Â 4 He n line of flight B has a clearly resolved step that separates a blend of the four components between 1640.332 Â and 1640.391 Â from the three longer-wavelength components. The observations of the He n 1640.4 Â fine by Feldman et al (1975) do not show the peaks of flight A or the step of flight B.
III. CURVE FITTING Curve fitting was used to test the consistency of the measurements with the characteristic fine widths of the proposed theories of formation. The He n line at 1640.4 Â is fully expected to be optically thin, so the line widths can be approximated by using a mean temperature of formation and a mean turbulent velocity.
The parameters of the curve fits were : the intensity of a continuous background, the peak intensity of up to eight Gaussian shaped lines, the wavelengths of the lines, and the half-widths of the lines. The widths of the He n components were constrained to approximate a collisional model or a recombination model or a combination of the two. The intensity of the quasicontinuum, and the width and peak intensity of the Fe ii line, were always left as free parameters. The wavelengths of the 4 He n components (Garcia and Mack 1965) He n line parameters in the curve fitting program were the peak intensities. The weak components at 1640.490 and 1640.375 Â could be omitted from the curve fits without affecting the fit significantly. The resulting highly constrained curve fits are probably not unique, but they certainly give a strong indication of the consistency of the measurements with the basic predictions of each model.
For the curve fit of Figure 3b , the Gaussian halfwidths (Doppler widths) of the 4 He n components were fixed at 0.045 Â. This is representative of a pure recombination model with a temperature of formation of 8000 K and a nonthermal velocity of bkms" 1 (Boland et al 1975) . The curve fit of Figure 3a represents an upper limit (0.057 Â) for the half-widths of the recombination model. For Figures 3-5, the error bars are for 1 standard deviation of each raw data point, the fitted profiles of the individual lines are shown with solid lines on the offset intensity scale that is shown on the right of the figures, and the superposition of the profiles of the fitted lines and of the constant background for each spectrum (the reconstructed curve) is also shown as a solid line.
All of the free parameters that describe the Fe n line were found to be about equal for flights A and B. For normalized continuum intensities, the half-width and peak intensity of the 1640.15 Â Fe n line were 0.059 Â and 5.6 x 10 2 ergs cm -2 s -1 sr -1 Â -1 for flight A and 0.064 Â and 4.2 x 10 2 ergs cm -2 s -1 sr -1 Â -1 for flight B. This consistency is an indication that, during flight A, only a small fractional amount of our slit projection fell directly upon active regions.
From Figure 3 , it is clear that the best fits with halfwidths that are characteristic of a pure recombination model were unsatisfactory for the spectra of both flights because components of such narrow widths fail to reproduce the observed minimum between the Fe n fine and the 4 He n components. For flight B, the reconstructed curve near the dip falls 5 standard deviations below the average of the three low-intensity points. Similarly for flight A, the reconstructed curve falls 2.4 standard deviations below the average intensity of the two low-intensity points in the dip. It is clear that the narrow components which are characteristic of the pure recombination model will not reproduce the observations.
In Figure Ab , the data of flight B are constrained with half-widths of the seven 4 He n components of 0.165 Â. This is representative of a pure collisional model with a temperature of formation of 80,000 K and a turbulent velocity of 25 km s" 1 (Boland etal. 1975) . Hen formation temperatures of 40,000 K or 100,000 K would result in half-widths of 0.149 and 0.172 Â, respectively. The assumed 0.165 Â half-widths are large compared with the separation of some components such as 1640.332 À and 1640.345 Â. The best fit for 0.165 À half-widths has three 4 He n components with significantly large intensities: the blend of 1640.345 Á and 1640.332 Â, the components at 1640.474 Â and at 1640.391 Â. When the intensity of the component at 1640.533 Â was forced to be larger than the "best fit" value, the reconstruction of the long-wavelength wing KOHL Vol. 211 became increasingly poorer. The superposition of the 0.165 Â half-width components fitted the measured spectrum of flight B better than the 0.045 Â half-width components. However, the broad components fail to reproduce the step in the observed feature that was pointed out in § II.
In Figure 4a , the half-widths of the seven 4 He n components were fixed at 0.097 Â. Components of this width or wider clearly could not reproduce the observed narrow peaks in the spectrum of flight A.
Neither model alone is fully consistent with the measurements. The qualitative appearance of the flight A data suggests that the He n 1640.4 À line may be formed by a combination of the two mechanisms. Line formation with significant contributions from both mechanisms has been suggested by Epstein and Steinitz (1975) , Linsky et al (1976) , and Avrett, Vernazza, and Linsky (1976) .
Hence, the observations were fitted with both a 0.165 Â half-width profile and a narrow profile for each significantly intense 4 He n component. The best fit of the flight B spectrum is given in Figure 5ft . Following the usual procedure, the wavelengths and half-widths of all 4 He n components were fixed, leaving the 4 He n intensities to be varied along with the 1640.151 Â Fe n line parameters and the background intensity. Narrow half-widths were set at 0.065 À. In an effort to reduce the number of free parameters, the 0.165 Â half-width profiles of weak intensity components were eliminated. We also eliminated the narrow profiles of the components at 1640.490 and 1640.375 Â. The curve fit of Figure 5b uses seven free parameters to fit the intensities of 4 He n components. This is the same number of free parameters that was used in all the previous curve fits.
The fit shown in Figure 5b is obviously superior to the curve fits of Figures 5b and 4b . The aforementioned ( §11) step in the 1640.4 Â spectral feature is reproduced. Curve fits with narrow components of 0.065 Â were slightly better than those with narrow components of 0.045 Â half-widths.
A similar set of curve fits were made to the flight B data that forced increasingly larger intensities of a wide component at 1640.533 Â. The best fit was for an intensity of the component at 1640.533 Â that is 4% of the intensity of the blend near 1640.34 Â. For this fit, the intensity for 1640.533 Â is negligible. However, the intensity of 1640.533 À could be increased to as much as 30% of the intensity of 1640.34 Â with only slightly poorer fits. In this case, the intensity of the wide component at 1640.474 Â decreased approximately in proportion to the increase in the 1640.533 Â component, and the former would eventually become negative.
Similarly, curve fits were made to the spectrum of flight A with a combination of wide profiles (0.165 À half-widths) and narrow (0.045 Â) profiles for each significantly intense 4 He n component. The number of free parameters was reduced in exactly the same way as for the curve fits of Figure 5b . The best fit curve shown in Figure 5a is obviously better than the curve fit of Figure 4a and is better than the curve fit of Figure No . 3, 1977 BALMER-ALPHA OF He n He ii is at least a factor of 10 smaller than 4 He n. However, as mentioned earlier, it is not possible to rule out completely a wide component near 1640.55 Â for the case where both wide and narrow components are allowed for the curve fit.
IV. ABSOLUTE QUIET-SUN INTENSITIES OF 4 He II COMPONENTS
This section concentrates on the measurements of flight B as the best representation of the "quiet Sun." The curve fits are not unique, but the relative intensities of the stronger 4 He n components are not very sensitive to the assumed line widths and are, therefore, fairly well determined. Table 1 gives the measured absolute intensities according to the curve fit of Figure 5b Taking the component at 1640.533 Â to be weak, the long-wavelength side of the 4 He ii spectral feature is dominated by the strongest transition out of the 3d 2 D fine-structure level at wavelength 1640.474 Â. Using the curve fit of Figure 5b , the measured peak intensity and integrated intensity are given in Table 1 for the wide component and for the narrow component. The sum of the integrated intensities of the wide and narrow components is given also. Using the known relative intensities for transitions from a single fine structure level, the intensity of the 2p 2 P 0 1 i2-'5d 2 D 3¡ 2 transition at 1640.332 Â was determined. From the measured intensity of the blend of the 0.165 Â halfwidth components at wavelengths 1640.332 Â and 1640.345 Â, the intensity of the former was removed and the intensity of the 2s 2 S 1 f 2 -3p 2 P 0 qi 2 given in Table 1 was determined.
If some of the long-wavelength spectral feature is due to the wide component at 1640.533 À ( § III), the intensity of the wide component at 1640.375 Â will increase proportionally and the intensity of the wide component at 1640.332 À will decrease at about the same rate. This would result in about the same intensity of the wide component at 1640.345 Â, independent of the relative intensities of the long-wavelength components. The individual best-fit intensities of the narrow components at 1640.332 Â and 1640.345 Â (in brackets) were not significant. The integrated intensities of the individual components given in Table 1 were approximated by summing the intensities of these components and then applying the method used for the wide components. Taking all components into consideration, only about 287o of the total intensity from flight B could be attributed to narrow width components. For flight A, the curve fit of Figure 5a indicates that about 34% of the total intensity is due to components with 0.045 Â half-widths.
The relative intensities of the components of the 1640.4 Â 4 He ii Hne gives some insight into the mechanisms of formation. In Table 2 , the theoretical relative intensities are given for a typical collisional model as given by Feldman et al. (1975) , a typical recombination model (also given by Feldman et al.), and the relative intensities for statistical populations of the fine structure levels. Also in Table 2 are given the relative total intensities of the stronger components from the curve fits.
The weak intensity of the transitions from the 35 2 5i /2 contrasts strongly with the collisional model of Feldman et al. The observed intensity of the component at 1640.345 Â is weaker than the relative intensity of the collisional model but is somewhat stronger than the intensity from statistical populations and much stronger than the relative intensity of the recombination model. Within the uncertainty of the curve fits it appears that proton collision rates may be large enough to dominate the radiative decay rates of the M 2 D and 35 2 S fine-structure levels and produce a statistical population between these levels. The population of the 3p 2 P° fine-structure level is observed to be overpopulated with respect to statistical populations. The proton collision rate is clearly not large enough to dominate the radiative decay rate of the l5 2 5'i / 2-3p 2 P°H2,QI2 transition. Hearn (1969) pointed out that measurements of the absolute intensities of La, Lß, and Ba emitted by the Sun provide a determination of the electron temperature and density of an ideally uniform emitting layer. The effect of the optical thickness on the ratio of the measured intensity of Lß to Ba provides an approximation of the attenuation of Lß which can be used to obtain an optically thin ratio of the intensity of Lß to La (Lß/La). Hearn (1969) has calculated Lß/La as a function of the electron temperature for a uniform optically thin layer with an electron density of less than 10 12 cm" 3 . The electron density of an ideally uniform emitting layer can be expressed in terms of the absolute intensity of La, the optical thickness at line center of La, the collisional excitation rate coefficient, and the Doppler temperature of the He n ions (Hearn 1969, eq. [4] ). The calculations described by Hearn (1969) and used here are only a diagnostic and not a full treatment of the He ii problem.
V. OPTICAL THICKNESS, ELECTRON TEMPERATURE, AND ELECTRON DENSITY
Evidently, the absolute intensities of La and Lß are fairly constant in the Sun. The range in the intensity of La measured by Chapman and Neupert (1964) is only 8180-10500 ergs cm" 2 s" 1 sr" 1 covering the full range of activity as seen by OSO-7. Linsky et al. (1976) have reported values of the absolute intensities of La (8170 ergs cm" 2 s" 1 sr" 1 ) and Lß (370 ergs cm" 2 s" 1 sr" 1 ) for the "quiet Sun." The Hne intensities were corrected for blends. They estimate that La/Lß is accurate to ± 20%. Their reported absolute intensities were based on the measurements of Timothy (1977) for the 304 Â blend which is 8600 ± 30% ergs cm" 2 s" 1 sr" 1 .
From flight B, measurements of the total intensity of the Ba components is 88 ± 15% ergs cm" 2 s" 1 sr" 1 . A comparison of the measurements from the two flights indicates that the intensity of Ba is also fairly constant.
Hearn's plot of the ratio of intensities of Lß to Ba against the optical thickness at Hne center of La is based on the assumption that the atomic substates are populated according to their statistical weights. This assumption is fulfilled for the case where the excited atoms undergo many inelastic collisions during the lifetime of the individual substates which cause transitions between these substates. In such cases, the average transition probabilities (Wiese, Smith, and Glennon 1966) are used to determine the aforementioned plot and are used to estimate the attenuation of Lß as a function of the optical thickness at Hne center of La.
Using Figures 1 and 2 of Hearn (1969) , the measured ratio (4.2) of the intensity of Lß ) to the intensity of Ba (flight B) yields an optical thickness at the center of La of 5.6 and an attenuation of Lß of 0.75. The resulting nonattenuated Lß intensity of 493 ergs cm" 2 s" 1 sr" 1 results in an optically thin ratio of Lß to La of 0.060. This results in an electron temperature of 9 x 10 4 K. However, as previously mentioned in §IV, the population of the 3p 2 P° substate is observed to be overpopulated with respect to statistical populations. It follows that the collisional rate between substates is apparently not large enough to dominate the radiative decay rate of the l5 2 *S , i/ 2 -3p 2 P 0 i/ 2 ,3/2 transition. Assuming that the collisional transition rate between « = 3 substates is comparable to the w = 3 to « = 2 rate and therefore about an order of magnitude smaller than the l5 2 S-3p 2 P radiative transition rate, the transition probabilities for l5 2 S 1 ¡2-3p 2 P°ii2 3/2 and for 25 2 S 1 i2-3p 2 P°1I2,3I2 were used to calculate, approximately, the attenuation of Lß. From Table 1 the total  intensity of 25 2 S-3p 2 P 0 u2,3i2 is 33 ergs cm" 2 s" 1 sr" 1 . It follows that the optical thickness at Hne center of La is approximately 47, the attenuation of Lß is 0.72, the nonattenuated intensity of Lß is 519 ergs cm" 2 s" 1 sr" 1 , and the optically thin ratio of Lß to La is 0.064. Since Lß/La is approximately the same for the two cases, they both yield an electron temperature of 9 x 10 4 K. If the former value of 5.6 were used for the optical thickness at the center of La, this would result in an electron density for the emitting layer of 3.4 x 10 cm " 3 , which is about a factor of 5 larger than the usual chromospheric and coronal values (Athay 1971) . Using the optical thickness at the center of La of 47 yields an electron density of 4 x 10 9 cm -3 and an electron pressure of 3.7 x 10 14 K cm -3 which is very near the usually accepted value of 6 x 10 14 K cm -3 . In calculating the electron density, it was assumed that the He ii Doppler temperature is equal to the electron temperature. If the thermal Doppler width discussed by Doschek, Behring, and Feldman (1974) were used, the value of the electron density of the emitting layer would decrease by a factor of 1.7. The most appropriate density probably falls somewhere between the two extremes.
VI. CONCLUSIONS
The line profiles and absolute intensities of the components of the Balmer-a line of He n and the ratio of the intensity of the Lß line to the intensity of the Balmer-a components is an important consideration in the larger problem of understanding the He ii emission in the Sun. It is clear that the Balmer a line should be included in any full treatment of the He n problem. The measured intensities and widths of the components of the Balmer-a line in the "quiet Sun" suggest that both collisional excitation and recombination play a role in the formation of the Balmer a line of He ii. For the quiet Sun, the curve fits are consistent with models that predict the n = 3 level to be populated primarily by collisional excitation at transitionregion temperatures. Since the excitation energy of the n = 2 level is, of course, lower than w = 3, the electron collision mechanism would be even more dominant for the La line. The analysis of § V is another indication that collisional excitation is primarily responsible for the La line as was suggested by and by Milkey (1975) . Recombination appears to be more important in the active Sun than in the quiet Sun.
Calculations by Linsky et al (1976) and by Avrett, Vernazza, and Linsky (1976) have indicated that photoionization recombination alone cannot account for the intensity of He n La, but this mechanism can account for the He n continuum intensity and much of the Lß intensity . The present measurements are consistent with such calculations. 
